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DSurgical volume and outcomes of off-pump coronary artery bypass
graft surgery: Does it matter?
Suma H. Konety, MS, MD,a Gary E. Rosenthal, MD,b,c and Mary S. Vaughan-Sarrazin, PhDb,c
Objectives: Coronary artery bypass grafting performed off-pump has emerged in recent years as a less morbid
alternative to on-pump bypass grafting. However, the impact of hospital volume on the outcomes of off-pump
relative to on-pump bypass grafting has not been evaluated.
Methods:We conducted a retrospective study of patients undergoing off-pump (n ¼ 26,011) and on-pump (n ¼
99,344) coronary artery bypass grafting during 2000 through 2004 in 124 California hospitals, using the Califor-
nia Patient Discharge Database. Generalized linear mixed models were used to compare in-hospital mortality and
postoperative complications in patients undergoing on-pump versus off-pump bypass grafting, accounting se-
quentially for differences in patient characteristics and hospital-level effects. The relative mortality and compli-
cation rates for patients undergoing on-pump versus off-pump coronary bypass were evaluated across hospital
volume quartiles.
Results: Mean length of stay was lower for patients who underwent off-pump compared with on-pump bypass
grafting (8.7 vs 9.6 days; P<.001), as were unadjusted mortality and complication rates (2.2% vs 3.3%; 10.1%
vs 11.6%, respectively; P< .001). For hospitals in the highest percent off-pump bypass quartile, adjusted mor-
tality and complication rates for patients having off-pump bypass were significantly lower than for the on-pump
group (odds ratio [OR] ¼ 0.50; 95% confidence intervals [CI], 0.41–0.61; OR ¼ 0.73; 95% CI, 0.66–0.81, re-
spectively; P<.001); by contrast, for hospitals in the lowest percent off-pump bypass quartile, mortality and com-
plications were similar in off-pump and on-pump groups (OR ¼ 1.10; 95% CI, 0.75–1.63; OR ¼ 0.92; 95% CI,
0.72–1.16, respectively; P> .05).
Conclusions: Outcomes were significantly better for off-pump compared with on-pump coronary artery
bypass grafting. Although the benefit of off-pump bypass grafting increased as the relative use of the pro-
cedure at a hospital increased, off-pump bypass grafting can be safely implemented across numerous hos-
pitals.
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Coronary artery bypass graft grafting (CABG) without the
use of cardiopulmonary bypass, or off-pump CABG, is con-
sidered to be a less morbid alternative to CABGwith the use
of cardiopulmonary bypass, or on-pump CABG. Roughly
20% to 25% of CABG procedures in the United States
are performed off-pump (http://www.sts.org). However, de-
finitive data establishing the superiority of off-pump CABG
over on-pump CABG are lacking.1,2
There have been more favorable data with regard to
operative mortality and morbidity for off-pump CABG
compared with on-pump CABG from prior retrospective
studies3-5 than from randomized controlled trials.6,7 Previ-
ous trials have generally enrolled low-risk patients and
have been conducted predominantly in one or only a few
centers,8-10 and the generalizability of these results is un-
clear. However, questions about possible selection bias in
the referral of cases more easily amenable to off-pump
CABG remain. Conflicting information regarding efficacy
of off-pump CABG from prior studies has led to inconsistentrgery c May 2009
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DAbbreviations and Acronyms
CABG ¼ coronary artery bypass grafting
CI ¼ confidence intervals
OR ¼ odds ratio
adoption of off-pump CABG as an alternative to on-pump
CABG in the United States.
Given the technical difficulty of performing off-pump
CABG, it is likely that a strong relationship exists between
off-pump CABG volume and outcomes, and this has not
been investigated thoroughly. A number of investigations
of the relationship between hospital volume and outcomes
for overall CABG have been conducted.11-13 Historically,
one explanation for the finding that higher volumes are asso-
ciated with better outcomes is the ‘‘learning curve’’ (ie,
‘‘practice makes perfect’’), such that volume reflects attain-
ment of a certain level of skill.12
We conducted a retrospective cohort study of patients un-
dergoing CABG during 2000 through 2004 in the state of
California to compare risk-adjusted mortality and postoper-
ative complications among patients who underwent off-
pump and on-pump CABG. We hypothesized that the rela-
tive difference in outcomes between patients who underwent
off-pump and on-pump CABG depends on the relative vol-
ume of each type of operation performed in those hospitals.
We further hypothesized that outcomes of off-pump CABG
may be better, relative to on-pump CABG, in hospitals that
perform large numbers of off-pump CABG operations.
METHODS
Patients
The study used the California Patient Discharge Database from January
1, 2000, throughDecember 31, 2004, available from the California Office of
Statewide Health Planning and Development. Each record in the data set
represents discharge abstracts from all nonfederal hospitals in California
and is compiled annually. Data elements include the following: demo-
graphic information (eg, sex, race, ethnicity, age), patients’ residence ZIP
code; the diagnosis-related group; admission source (eg, transfer from an-
other hospital, emergency room); length of stay, year and quarter of admis-
sion; discharge disposition; expected payer category; and a unique hospital
identifier. Each record also provides a principal and up to 24 secondary di-
agnosis codes, with separate indicators for conditions present at admission,
and a principal and 20 secondary procedure codes with separate variables
measuring the number of days from admission to each procedure. All pro-
cedures and diagnoses are coded using the International Classification of
Disease, 9th Revision, Clinical Modification (ICD-9-CM).
All patients undergoing CABG surgery during the study period were
identified (n¼ 141,425 on the basis of specific ICD-9-CM procedure codes
(36.10–36.19). Patients were excluded if the procedure was coded as occur-
ring in non–acute care hospitals (eg, skilled nursing facilities) (n¼ 59) or if
it occurred in a facility that performed fewer than 10 CABGs during the
study period (n ¼ 31). Patients simultaneously undergoing valve replace-
ment (n ¼ 15,980) were excluded. The final sample consisted of 125,355
patients undergoing isolated CABG operations in 124 California hospitals.
The presence of ICD-9-CM procedural code for intracorporeal pump
(39.61) or cardioplegia (39.63) was used to distinguish between patientsThe Journal of Thoracic and Cwho underwent on-pump CABG (n ¼ 99,344 [79%]) or off-pump
CABG (n ¼ 26,011 [21%]).
Records in the California data set with unique combinations of a select set
of demographic variables have one or more of these variables masked to en-
sure de-identification of the data and thereby protect patient confidentiality.
Thus, age category, sex, or race was unavailable for some records (n ¼
45,725). Patients with missing age, race, or gender information were not ex-
cluded initially but insteadwere identified by indicators formissing values in
risk adjustment models. A second set of analyses excluded these patients.
Study end points included in-hospital mortality and postoperative com-
plications, which were defined using seven conditions. Two complications,
postoperative myocardial infarction and stroke, were identified with ICD-9-
CM diagnosis codes; these conditions were considered complications if the
‘‘present on admission’’ indicator, which is unique to the California data set,
was not flagged. Five additional complications were identified using Patient
Safety Indicators developed by the Agency for Healthcare Quality and Re-
search (algorithms available at http://www.qualtiyindicators.ahrq.gov/
psidownload.htm), which are designed for use with administrative data
and which are increasingly being used in research.14-16 The five complica-
tions included accidental puncture or laceration, postoperative hemorrhage
or hematoma, respiratory failure, pulmonary embolism or deep vein throm-
bosis, and sepsis.
Hospital surgical volume for off-pump and total CABGwere determined
by summarizing the patient-level data by hospital identifier. Volume cate-
gories were defined in three ways. First, patients were grouped into quartiles
according to the ratio of mean annual off-pump CABG volume to mean an-
nual total CABG volume (ie, the percent of all CABG operations performed
off-pump at the hospital where the operation occurred), resulting in the fol-
lowing categories: 6.4% or less, 6.5% to 11.1%, 11.2% to 22.8%, and
23.7% or more. Second, quartiles were defined by the mean annual off-
pump CABG volume at the hospital where the operation occurred (19,
20–37, 38–83, and 85). Finally, quartiles were created on the basis of
the mean annual total CABG volume during the study period (181,
184–306, 307–509, and 517).
Risk Adjustment
Bivariate associations between in-hospital mortality or postoperative
complications and potential patient risk factors were determined by the
Wilcoxon test or the c2 statistic. Candidate variables included demographic
factors, admission source, surgical priority, payer status, and comorbid con-
ditions defined by ICD-9-CM codes with the criteria of Elixhauser and
associates.17 The ‘‘present on admission’’ indicator was used to identify con-
ditions present on admission and exclude conditions that developed during
hospitalization. Additional risk factors included cardiogenic shock on admis-
sion, primary diagnosis of acute myocardial infarction, CABG performed on
the same day as cardiac catheterization, CABGperformed on the same day as
admission, percutaneous coronary intervention before CABG (during the
current admission), prior CABG, prior percutaneous coronary intervention,
andmultivessel surgery.Variables associated (P<.05)with a given endpoint
in bivariate analyses were entered into a stepwise logistic regression. A pro-
pensity score was also calculated from logistic regression models based on
patient characteristics to predict the likelihood of undergoing off-pump
CABG versus on-pump CABG, and was used as an additional variable in
the mortality and postoperative complications risk-adjustment models to fur-
ther control for unmeasured patient characteristics.18,19
In the logistic regressionmodels, agewas expressed as four indicator vari-
ables (50–64 years, 65–74 years,75 years, and age unknown), with a refer-
ent category of less than 50 years. Race was expressed as white, African
American, other, and unknown. Year of CABGwas expressed using indica-
tor variables for 2001, 2002, 2003, or 2004, with the period 2000 as the ref-
erent category. Admission type was expressed with an indicator variable for
unscheduled admissions (relative to admissions that were scheduled or un-
known type). Admission source was expressed as indicator variables for pa-
tients transferred to the hospital from another acute care facility and patientsardiovascular Surgery c Volume 137, Number 5 1117
Acquired Cardiovascular Disease Konety et al
A
C
Dadmitted through the emergency department, with a referent category that in-
cluded primarily patients referred by a physician. Payer status was expressed
as indicator variables for Medicare, Medicaid, Private Pay, and Managed
Care with a referent category that included patients with no insurance. The
discrimination of the logit models was determined with the c-statistic.20
Risk-adjusted models for mortality (c-statistic ¼ 0.79) and postoperative
complications (c-statistic ¼ 0.66) contained 38 and 34 variables, respec-
tively, of which 26 were common to both models (E-Appendix).
Estimating Relative Odds of Death and Complication
The odds of death for off-pump CABG relative to on-pump CABG were
estimated by logistic regression models with random hospital effects to ac-
count for the hierarchical levels of data (ie, patients within hospitals).21
First, models adjusted for patient characteristics only. Subsequent models
also incorporated hospital-level effects using random intercepts and random
coefficients for the off-pump CABG indicator for each hospital. In the latter
set of models, intercepts and coefficients for the off-pump CABG indicator
are allowed to vary across hospitals, and the overall intercept and off-pump
CABG coefficient are the mean of the hospital-level intercepts and off-
pump CABG coefficients. In each set of models, the exponent of the overall
coefficient for the off-pump CABG provides the odds of death (or compli-
cation) for off-pump relative to on-pumpCABG. In addition, the variance of
the hospital-level off-pump CABG random coefficients was estimated. This
estimate reflects the degree to which the outcome for off-pump relative to
on-pump CABG varies across hospitals.
Additional models were developed to evaluate whether hospital volume
explained the variability in relative outcomes across hospitals by including
interactions between the off-pump CABG indicator and volume quartile in-
dicators, with separate models generated for three different volume quartile
categories (percent off-pump CABG, off-pump CABG, and total CABG).
The exponents of the regression coefficients associated with the interaction
terms provide the adjusted odds of death for patients undergoing
off-pump CABG relative to on-pump CABG in hospitals in each volume
quartile. In addition, the proportion of total variance of the hospital-level
off-pump coefficient that was explained by the volume quartiles was calcu-
lated as the difference between the total variance of the hospital-level off-
pump coefficients and the unexplained variance in models that included
the volume category interaction terms, divided by the total variance.
All reported P values are 2-tailed. Statistical analysis was performedwith
the SAS software system forWindows version 9.2 (SAS Institute, Inc, Cary,
NC) and HLM 6.02 (Scientific Software International, 2005).
RESULTS
Patient Characteristics
The use of off-pump CABGwas slightly more common in
women than men and in non-whites than whites (Table 1).
Off-pump CABG was somewhat less common in patients
with diabetes, hypertension, and congestive heart failure,
but more common for patients with chronic renal failure.
The median postoperative length of stay for patients under-
going off-pump CABG was shorter than for patients under-
going on-pump CABG (7 vs 8 days; P < .001), with
interquartile ranges of 5 to 10 and 6 to 11, respectively.
The use of off-pump CABG also increased over time,
from 15.3% in 2000 to 21.1% in 2004 (P< .001).
Unadjusted Outcomes
Unadjusted mortality and postoperative complications
were lower in off-pump CABG patients than in on-pump
CABG patients (2.2% vs 3.3% and 10.1% vs 11.6%, re-1118 The Journal of Thoracic and Cardiovascular Suspectively; P< .001). Among the postoperative complica-
tions, rates of myocardial infarction, stroke, sepsis, and
hemorrhage were lower in the off-pump CABG patients;
however, rates of accidental puncture or laceration were
somewhat higher (Table 2). Mortality rates and complication
rates associated with off-pump CABG declined as the per-
cent of off-pump procedures performed by hospitals in-
creased (Table 3). A similar but somewhat less direct trend
was seen for the total off-pump procedures.
Adjusted Outcomes
After adjustment for patient characteristics, the overall
odds ofmortality andpostoperative complicationswere lower
for patients undergoing off-pumpCABG relative to on-pump
CABG (odds ratio [OR] ¼ 0.65; 95% confidence intervals
[CI], 0.59–0.72; OR ¼ 0.86; 95% CI, 0.81–0.90, respec-
tively;P<.001). Further accounting for hospital-level effects
had very little additional effect on the relative odds of mortal-
ity but yielded a lower relative odds of complication for the
off-pump CABG group (OR ¼ 0.65; 95% CI, 0.57–0.76;
OR ¼ 0.80; 95% CI, 0.74–0.86, respectively; P< .001).
In models that included interactions between the off-pump
CABG and percent off-pump CABG volume quartiles, the
relative odds of death varied substantially depending on the
relative use of off-pump or on-pumpCABG at a given hospi-
tal and according to the absolute hospital off-pump volume
(Table 4). For hospitals in the lowest quartiles of percent
off-pump CABG and off-pump CABG, adjusted mortality
and complications in off-pump patients were similar to those
for on-pump patients. However, mortality and complications
decreased steadily as the relative use of off-pump CABG at
a hospital increased. For example, for hospitals in the highest
quartile of percent off-pump CABG, the odds of mortality
and complications for off-pump CABG patients were 50%
and 27% lower, respectively, than for on-pump CABG pa-
tients. These relationships were not observed in analyses
that examined total CABG volume quartiles. In addition,
the percent off-pump CABG quartiles explained 39% of
the variability in the relative odds of death and 15% of the
variability in the relative odds of complications associated
with pump use across hospitals; by contrast, the off-pump
CABG volume quartiles explained only 23% of the variabil-
ity in the relative odds of death and 0% of the variability in
the relative odds of complications. The total CABG volume
quartiles did not explain any of the error variance associated
with pump use across hospitals.
Separate analyses were then performed excluding all pa-
tients with missing demographic information, leaving a total
sample size of 79,630 patients, and results were very similar
to those reported above.
DISCUSSION
This is a large study that establishes a relationship of
CABGvolume onmortality and postoperative complicationsrgery c May 2009
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DTABLE 1. Characteristics of patients who underwent on-pump or
off-pump CABG in 2000 through 2004
On-pump
CABG
(n ¼ 99,344)
Off-pump
CABG
(n ¼ 26,011)
P
value
Demographic
Age categories (y)
<50 5.4% 5.2% .31
50–64 32.8% 31.2% <.001
65–74 33.4% 31.9% <.001
>75 19.9% 22.5% <.001
Age unknown 8.6% 9.2% .002
Female sex 19.9% 21.2% <.001
Sex unknown 28.3% 27.8% .07
Non-Hispanic white 50.8% 49.7% .001
African American 1.7% 2.1% <.001
All other non-white race 4.7% 6.1% <.001
Race unknown 36.5% 36.6% .77
Insurance type
Private 36.3% 38.1% <.001
Medicare 51.5% 50.5% .006
Medicaid/other government 9.3% 7.5% <.001
Managed care
Yes 53.9% 49.6% <.001
No 46.1% 50.4% <.001
Admission source
Emergency department 23.6% 22.0% <.001
Transferred from other facility 21.4% 18.9% <.001
Other 55.0% 59.1% <.001
Acuity factors
Cardiac catheterization on day
of CABG
10.8% 10.5% .14
PCI before CABG during index
admission
2.8% 3.1% .03
Cardiogenic shock 1.5% 1.0% <.001
Acute MI 23.0% 20.4% <.001
Anterolateral wall MI 4.6% 4.2% .004
Inferior wall MI 5.1% 3.9% <.001
Subendocardial MI 12.1% 10.9% <.001
Other MI 1.2% 1.6% .14
Previous PCI 12.1% 13.0% <.001
Previous CABG 2.0% 1.9% .63
Multiple-vessel CABG 89.3% 71.6% <.001
IABP before CABG 3.4% 3.1% .04
Emergency CABG on day of
admission
8.1% 8.3% .37
Coexisting conditions
Diabetes 36.6% 33.3% <.001
Hypertension 64.2% 62.7% <.001
Chronic obstructive pulmonary
disease
18.1% 17.9% .54
Congestive heart failure 18.4% 15.9% <.001
Prior MI 15.5% 13.9% <.001
Cerebrovascular disease 7.4% 7.4% .83
Peripheral vascular disease 11.2% 11.7% .05
Valve disease 10.5% 7.3% <.001
Obesity 12.4% 11.2% <.001The Journal of Thoracic and Cin patients undergoing off-pump CABG compared with on-
pump CABG. Overall, mortality and postoperative compli-
cations were lower in patients who underwent off-pump
CABG relative to on-pump CABG. Rates of death and com-
plication were similar for on- and off-pump CABG in hospi-
tals performing the fewest off-pump CABG procedures, but
decreased for off-pump relative to on-pump CABG as the
absolute number and proportion of off-pump procedures
increased. Moreover, the percent of CABG procedures
performed off-pump explained a substantial proportion of
the variability in the relative mortality of on- and off-pump
CABG across hospitals.
Birkmeyer and associates,11 using Medicare data, showed
that the overall mortality after CABG was 40% higher for
hospitals in the lowest volume quintile compared with hospi-
tals in the highest quintile. Importantly, these relationships
may not be due to differences in patient characteristics11,13
or hospital characteristics22,23 and could remain, even after
accounting for physician volumes—indicating that much of
the volume–outcome relationship is attributable to organiza-
tional factors andnotmerely physician technical skill.24,25Al-
though recent studies have demonstrated that volume is
a weak predictor of outcomes,26,27 our study shows that the
proportion of CABG procedures performed off-pump may
be more important than the actual volume of off-pump
CABG operations performed at a hospital. This suggests
that somehospitalsmay ‘‘specialize’’ in off-pumpprocedures
TABLE 1. Continued
On-pump
CABG
(n ¼ 99,344)
Off-pump
CABG
(n ¼ 26,011)
P
value
Liver disease 0.8% 0.9% .06
Renal failure 4.4% 4.8% .01
With the exception of age, income, and length of stay, all data are percentages. Plus–
minus values are means  standard deviation. CABG, Coronary artery bypass graft;
PCI, percutaneous coronary intervention;MI,myocardial infarction; IABP, intra-aortic
balloon pump.
TABLE 2. Unadjusted outcomes of patients who underwent on-pump
or off-pump CABG in 2000 through 2004
On-pump
CABG
(n ¼ 99,344)
Off-pump
CABG
(n ¼ 26,011)
P
value
In-hospital mortality 3.3% 2.2% <.001
Postoperative complications 11.6% 10.1% <.001
Deep vein thrombosis/pulmonary
embolism
0.6% 0.5% .21
Hemorrhage/hematosis 5.7% 5.1% <.001
Postoperative sepsis 1.4% 1.2% .002
Accidental puncture or laceration 0.8% 1.1% .003
Postoperative renal failure 2.4% 2.3% .11
Postoperative myocardial infarction 1.8% 1.5% .009
Postoperative stroke 1.1% 0.7% <.001
CABG, Coronary artery bypass grafting.ardiovascular Surgery c Volume 137, Number 5 1119
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DTABLE 3. Association of in-hospital mortality, postoperative complications, and hospital volume in patients undergoing off-pump CABG
compared with on-pump CABG
Percent of CABG procedures performed off-pump (quartiles)
Low (1) Medium (2) High (3) Very high (4)
Range (%) 6.4 6.5–1.1 11.2–22.8 23.7–89.2
Median (min–max) off-pump CABG 10 (2–37) 28 (4–112) 58 (4–158) >86 (9–509)
Median (min–max) total CABG 326 (37–1280) 350 (62–1163) 320 (24–1310) 218 (29–768)
No. of hospitals 25 29 30 40
No. of patients 30,834 31,896 30,801 31,824
Observed mortality rate (%*) 3.5 2.9 2.4 1.9
Unadjusted mortality odds ratio (95% CI) 1.26 (0.90–1.75) 0.85 (0.68–1.05) 0.80 (0.67–0.97) 0.41 (0.36–0.47)
Observed complication rate (%*) 9.5 10.6 9.4 10.2
Unadjusted complications odds ratio (95% CI) 0.94 (0.77–1.15) 0.84 (0.75–0.95) 0.86 (0.78–0.95) 0.69 (0.64–0.74)
*Cochran–Armitage Trend Test between mortality and volume quartile: P< .001 (in-hospital mortality); P ¼ .30 (complications).
Total CABG procedures performed off-pump (quartiles)
Low (1) Medium (2) High (3) Very high (4)
Median (min–max) off-pump CABG 8 (2–19) 28 (20–37) 55 (38–83) 119 (85–509)
Median (min–max) total CABG 326 (37–1280) 350 (62–1163) 320 (24–1310) 218 (29–768)
No. of hospitals 51 28 28 17
No. of patients 31,652 32,297 29,857 31,549
Observed mortality rate (%*) 3.1 3.0 2.5 1.7
Unadjusted mortality odds ratio (95% CI) 0.88 (0.69–1.13) 1.00 (0.82–1.23) 0.72 (0.61–0.85) 0.51 (0.44–0.60)
Observed complication rate (%*) 10.6 10.8 10.8 9.3
Unadjusted complications odds ratio (95% CI) 0.95 (0.83–1.10) 0.93 (0.84–1.04) 0.85 (0.79–0.93) 0.80 (0.74–0.86)
*Cochran–Armitage Trend Test between mortality and volume quartile: P< .001 (in-hospital mortality); P ¼ .001 (complications).
Total CABG performed (quartiles)
Low (1) Medium (2) High (3) Very high (4)
Median (min–max) off-pump CABG 14 (2–117) 36 (5–245) 49 (2–162) 72 (24–509)
Median (min–max) total CABG 139 (24–181) 228 (184–206) 366 (307–509) 1163 (517–1310)
No. of hospitals 66 31 19 8
No. of patients 32,063 31,332 31,445 30,515
Observed mortality rate (%*) 2.6 2.2 2.5 1.4
Unadjusted mortality odds ratio (95% CI) 0.63 (0.54–0.74) 0.62 (0.52–0.73) 0.75 (0.62–0.91) 0.58 (0.45–0.74)
Observed complication rate (%*) 11.1 8.5 10.5 10.7
Unadjusted complications odds ratio (95% CI) 0.90 (0.83– 0.98) 0.69 (0.64–0.76) 0.85 (0.77–0.94) 1.06 (0.96–1.17)
*Cochran–Armitage Trend Test between mortality and volume quartile: P< .001 (in-hospital mortality); P ¼ .48 (complications).and that attainment of a certain level of skill in performing
off-pump CABG is essential for achieving better outcomes.
Nevertheless, even in hospitals performing relatively fewer
off-pump procedures, outcomes were no worse than for
on-pump CABG.
The clinical and demographic characteristics of patients in
our study were comparable with prior retrospective stud-
ies28,29; however, these studies did not evaluate outcomes
relative to surgical volume. Second, the overall mortality
and complications were lower in patients who underwent
off-pump CABG compared with on-pump CABG—findings
also reported previously.3-5
Ourfindings contrast prior studies that failed todemonstrate
differences in outcomes in patients undergoing off-pump1120 The Journal of Thoracic and Cardiovascular SCABG in high- and low-volume centers.30-32 In a study of
72 hospitals, Brown and colleagues30 found no significant
mortality benefit but lower postoperative complications for
off-pump CABG patients in five high-volume centers (>100
off-pump CABG/year). In the Veterans Affairs–based study,
Plomondon and coworkers31 found novolume–mortality rela-
tionship for off-pumpCABG. This study included four hospi-
tals that performed 60 or more off-pump CABG operations
annually, and none performed more than 100. These studies
were more than likely underpowered to detect any volume-
related differences in outcomes owing to the relatively few
hospitals in the high-volume categories.
Glance and coworkers32 concluded that the lack of
relationship between outcomes and surgeon volumes forurgery c May 2009
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DTABLE 4. Risk-adjusted mortality and postoperative complications for off-pump CABG compared with on-pump CABG by CABG volume
quartiles
In-hospital mortality: OR (95% CI) Postoperative complications: OR (95% CI)
Percent CABG performed off-pump (quartiles)
1 (0–6.4%) 1.10 (0.75–1.63); P ¼ .66 0.92 (0.72–1.16); P ¼ .45
2 (6.5%–11.1%) 0.80 (0.60–1.06); P ¼ .15 0.88 (0.75–1.03); P ¼ .20
3 (11.2%–22.8%) 0.73 (0.57–0.94); P ¼ .007 0.81 (0.71–0.94); P ¼ .002
4 (23.7%–89.2%) 0.50 (0.41–0.61); P< .001 0.73 (0.66–0.81); P< .001
Total CABG procedures performed off-pump (quartiles)
1 (2–19) 0.83 (0.62–1.11); P ¼ .18 0.89 (0.76–1.06); P ¼ .20
2 (20–37) 0.77 (0.598–1.01); P ¼ .09 0.81 (0.70–0.94); P ¼ .02
3 (37–83) 0.65 (0.51–0.81); P< .001 0.80 (0.71–0.91); P< .001
4 (85–509) 0.48 (0.37–0.63); P< .001 0.72 (0.62–0.83); P< .001
Total CABG procedures performed (quartiles)
1 (24–181) 0.67 (0.53–0.83); P< .001 0.79 (0.70–0.90); P< .001
2 (184–306) 0.61 (0.47–0.79); P< .001 0.77 (0.68–0.89); P ¼ .001
3 (307–509) 0.73 (0.54–1.00); P ¼ .03 0.81 (0.69–0.96); P ¼ .02
4 (517–1310) 0.61 (0.39–0.96); P ¼ .14 0.85 (0.68–1.07); P ¼ .13off-pump CABG suggests that the mechanism for the
volume–outcome association for CABG surgery is selective
referral, rather than practice makes perfect—an unexpected
conclusion given the technical difficulty of off-pump
CABG. Although we are unable to directly evaluate the rela-
tionship between surgeon experience and outcomes, our find-
ings support the notion that higher volume leads to greater
expertise and, therefore, better outcomes. Nevertheless, we
cannot rule out selective referral, as patients who are good
candidates for off-pump CABG may be referred to facilities
with a good reputation for off-pump CABG surgeries.
This study also suggests that results from prior random-
ized trials may not generalize to all hospitals. One recent
multicenter study that demonstrated superior outcomes
for off-pump CABG compared with on-pump CABG3 in-
cluded patients recruited from centers that performed
above-average percentages of off-pump CABG procedures:
40% of overall CABG operations were performed off-
pump, which is much higher than the national average (ie,
20%–25% of the overall CABG procedures performed
off-pump); thus the generalizability of such studies to all
hospitals performing off-pump CABG is suspect.
We acknowledge important limitations to our study. First,
to our knowledge, no prior studies have examined the reli-
ability of the coding for the use of a pump for CABG surgery
in administrative data. Our findings, however, agree with the
Society of Thoracic Surgeons’ report that roughly 20% to
25% of CABG procedures are performed without the use
of the pump. Moreover, if misclassification of the pump
use does occur, it would likely be random and unrelated to
hospital volume. Nonetheless, these findings should be rep-
licated in clinical databases that are assembled using stricter
data collection protocols.
Second, the study was limited to hospitals in California
and thus may not be generalizable to the entire country. InThe Journal of Thoracic and C2003, 121 hospitals performed 21,272 isolated CABG oper-
ations in California, with an overall operative mortality rate
of 2.91%. Nationally, the Society of Thoracic Surgeons
reported 2.4% for the same measure (available at: http://
www.oshpd.ca.gov).
Third, our analysis did not account for physician volume
or technical expertise, which is likely to be related to the pro-
cedural outcomes. Similarly, our analysis did not account for
other organizational factors, such as the preoperative risk as-
sessments and recommendations by other physicians (eg,
cardiologists or internists), which may underlie the vol-
ume–outcome relationships we observed. Fourth, adminis-
trative data do not allow identification of important factors
that are related to outcomes as well as the decision to per-
form CABG without the pump, such as coronary anatomy,
left ventricular systolic function, or the severity of the co-
morbid conditions. We were also unable to examine lon-
ger-term outcomes including graft patency—a critically
important outcome for which questions about the efficacy
of off-pump CABG remain. Nevertheless, administrative
data have been widely used to evaluate outcomes of cardiac
surgery,33-36 including prior studies of off-pump CABG.37
In addition, we attempted to control for patient selection dif-
ferences using propensity scores, consistent with several
prior studies of off-pump CABG.38-42
Finally, the intended surgical procedure is not necessarily
the procedure indicated in our data, and we were unable to
calculate the conversion rate of off-pump CABG to on-
pump CABG or vice versa. The reported conversion rates
of off-pump CABG to on-pump CABG have varied from
less than 1%10 in randomized trials to a much higher conver-
sion rate of 5.8% in retrospective studies using a multicenter
cardiac registry database.43 In the latter study, an inverse re-
lationship between hospital-level off-pump CABG volume
and the conversion of off-pump to on-pump CABG wasardiovascular Surgery c Volume 137, Number 5 1121
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Ddemonstrated. Therefore, in our study, conversion rates from
off-pump to on-pumpCABG in the highest percent off-pump
or off-pump CABG volume quartiles are likely to be low.
Off-pump CABG remains a valuable technique that may
benefit patients at high risk for pump-related complications,
such as those with diffusely diseased aortas, pulmonary dis-
ease, hepatic dysfunction, or bleeding diatheses. In this study,
risk-adjusted outcomes were significantly better for patients
undergoing off-pump CABG compared with on-pump
CABG, and the benefit of off-pumpCABG increased steadily
as the relative use of off-pump CABG at a hospital increased.
Moreover, there was no decrement in outcomes associated
with off-pump CABG in hospitals performing relatively
few off-pump procedures. Thus, the learning curve for off-
pump CABG can be safely negotiated across numerous hos-
pitals, raising the hope that as lower volume centers gain
experience, risk-adjusted outcomes for CABG patients will
improve even further. Broad adoption of off-pump CABG
should therefore be encouraged. As facilities adopt this rela-
tively new technology into clinical practice, specialized and
focused training will ensure proper implementation.44
This study also suggests that results comparing outcomes
of on- and off-pump CABG from prior randomized trials in-
volving few centers may not generalize to all hospitals.
Finally, this study has important implications for public re-
porting of CABG surgery outcomes, given that hospitals
performing well for on-pump CABG are not necessarily
the same as those that perform well for off-pump CABG.
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DE-APPENDIX. Risk-adjustment models for in-hospital mortality and postoperative complications
Odds ratio (95% CI)
In-hospital mortality Postoperative complications
Demographic
Age 50–64 y 1.51 (1.29–1.77) 1.17 (1.09–1.25)
Age 65–74 y 2.23 (1.94–2.57) 1.43 (1.33–1.53)
Age 75 y 3.74 (3.21–4.35) 1.85 (1.71–2.00)
Age unknown 1.87 (1.58–2.23) 1.39 (1.27–1.51)
Female sex 1.33 (1.22–1.44) 1.20 (1.14–1.25)
Sex unknown 1.36 (1.18–1.56) —
Race or ethnic group
Other (not African American or white) 1.27 (1.17–1.37)
Race unknown 1.28 (1.13–1.44) 1.11 (1.04–1.19)
Admission year
2002 0.84 (0.76–0.93) —
2003 0.75 (0.67–0.83) 1.06 (1.01–1.12)
2004 0.78 (0.71–0.87) 1.04 (1.00–1.09)
Admission source
Emergency department 1.36 (1.23–1.50) 1.19 (1.12–1.25)
Transferred from other facility 1.21 (1.10–1.34) 1.06 (1.00–1.12)
Admission type
Unscheduled 1.09 (1.00–1.19) 1.12 (1.07–1.18)
Payer status
Private pay 0.68 (0.62–0.75) —
Medicare — 1.07 (1.01–1.13)
Managed care — 0.95 (0.91–0.99)
Acuity factors
Acute MI— anterolateral 1.63 (1.44–1.86) —
Acute MI—inferoposterior 1.44 (1.25–1.65) 0.89 (0.82–0.97)
Acute MI—subendocardial 1.21 (1.10–.33)
Acute MI—other 1.82 (1.48–2.23) —
Cardiac catheterization same day as CABG 1.62 (1.48–1.78) 1.19 (1.06–1.35)
PCI before CABG during index admission 1.94 (1.68–2.24) 3.13 (2.89–3.40)
Multiple-vessel CABG — 1.16 (1.03–1.31)
Previous PCI — 0.88 (0.83–0.93)
Previous CABG 1.70 (1.41–2.05) 1.19 (1.06–1.35)
Coexisting conditions
Cardiogenic shock 4.60 (4.01–5.38) 1.31 (1.16–1.48)
Arrhythmia 1.09 (1.00–1.19) —
COPD 1.33 (1.23–1.44) 1.35 (1.29–1.42)
Congestive heart failure 1.78 (1.65–1.92) 1.41 (1.35–1.48)
Cerebrovascular disease 1.12 (1.00–1.25) 1.13 (1.06–1.21)
Peripheral vascular disease 1.35 (1.23–1.47) 1.15 (1.09–1.21)
Chronic renal failure 2.98 (2.69–3.30) 1.85 (1.73–1.99)
Liver disease 3.22 (2.54–4.11) 1.73 (1.46–2.05)
Coagulation disorder 1.73 (1.48–2.02) 1.43 (1.29–1.58)
Valve disease 1.53 (1.38–1.70) 1.32 (1.24–1.41)
Pulmonary/circulation 1.36 (1.14–1.62) 1.17 (1.04–1.32)
Weight loss 1.77 (1.35–2.31) 1.92 (1.61–2.30)
Alcoholism — 1.18 (1.04–1.34)
Fluid/electrolyte disorder 1.22 (1.08–1.37) —
Model c-statistic 0.79 0.66
MI, Myocardial infarction; CABG, coronary artery bypass graft surgery; PCI, percutaneous coronary intervention; IABP, intra-aortic balloon pump.1123.e1 The Journal of Thoracic and Cardiovascular Surgery c May 2009
